Introduction
There is accumulating evidence that immune molecules are used by neurons and glia in the CNS to modulate synaptic function and plasticity, in particular during development (Huh et al., 2000; Oliveira et al., 2004; Syken et al., 2006; Stevens et al., 2007; Zohar et al., 2008) . Because synaptic dysfunction is a fundamental feature of neurodevelopmental and neurodegenerative diseases, it is important to understand how immune molecules in CNS cells exert their effects on synapses.
Examples of immune molecules expressed by neurons include the major histocompatibility complex (MHC) class I proteins and associated molecules necessary for peptide loading [transporter associated with antigen presentation (TAP)] and surface expression [␤ 2 -microglobulin (␤ 2 m)] (Kimura and Griffin, 2000) . Rat spinal motoneurons constitutively express mRNAs for MHC class I and ␤ 2 m (Lindå et al., 1998) .
One classical response to lesion of motor axons is the shedding of synapses from the cell surface of severed motoneurons (Blinzinger and Kreutzberg, 1968) . We have shown that mice lacking the ␤ 2 m gene, thereby failing to express MHC class I molecules at the cell surface, display a more extensive synaptic elimination from the cell bodies of axotomized spinal motoneurons compared with wild-type (WT) mice (Oliveira et al., 2004) . Moreover, these animals displayed an impaired axonal regeneration after nerve crush (Oliveira et al., 2004) . Whether these responses are governed by MHC class I molecules in motoneurons or glia is not known, however. The function of MHC class I molecules in motoneurons is therefore still enigmatic. MHC molecules are usually studied in hematopoietic cells with a relatively simple symmetric shape and homogenous distribution of cell surface molecules. Conversely, motoneurons have a complex asymmetric morphology, with a cell body and dendrites contacted by up to 100,000 presynaptic terminals (Ulfhake and Cullheim, 1988) and an axon that can grow 20,000 times the diameter of the cell body, eventually reaching the muscle, forming neuromuscular junctions (NMJs). Moreover, the MHC class I gene family encodes classical (Ia) and nonclassical (Ib) MHC proteins and the proteins expressed in and functionally affecting motoneurons could be of either type.
The primary aims of this study were to identify whether classical MHC class Ia proteins are expressed by motoneurons in vivo, their subcellular location, and their roles for synaptic function and plasticity after axon lesion. We initially hypothesized MHC class I expression in the postsynaptic membrane of the cell body and dendrites, given the previous observations on synaptic elimination. Using an antibody to the classical H2-D b MHC Ia molecule, we surprisingly observed the strongest immunoreactivity (IR) for MHC class Ia protein in motor axons and presynaptically at NMJs rather than in the parts of the motoneuron receiving synaptic input. Therefore, the additional focus of this study was to reveal the role of MHC class Ia for NMJ plasticity, to investigate functional motor disturbances in the absence of MHC class Ia molecules and to identify possible MHC class Ia receptors and their cellular location in the peripheral nerve and at the NMJ.
Materials and Methods
Animals. Animals were bred and maintained at the Department of Microbiology, Tumor and Cell Biology (Karolinska Institutet, Stockholm, Sweden). Young adult, age-and gender-matched animals were used, and all experimental procedures were approved by the local ethical committee (Stockholms Norra Djurförsöksetiska Nämnd). C57BL/6 (B6) mice served as WT strain. bϪ/Ϫ mice were generated as described previously (Pascolo et al., 1997; Vugmeyster et al., 1998; Pérarnau et al., 1999) and were a kind gift from F. A. Lemonnier (Pasteur Institute, Paris, France). B6.RAG1
Ϫ/Ϫ mice (RAG1 Ϫ/Ϫ ) were used as an immunodeficient strain. MHC class-deficient mice will be denoted by their allelic name throughout the paper (i.e., ). Murine MHC class I is termed H2, and the following capital letter (in this case K or D) indicates the specific gene in the MHC class I gene family. The superscript letter indicates the haplotype. The subset of MHC class I proteins expressed is strain specific. C57BL/6 mice express the H2-K and H2-D genes of the "b" haplotype as well as nonclassical MHC class I genes.
Surgery and tissue handling. Animals were anesthetized with intraperitoneal injections of Dormicum (Roche) and Hypnorm (VetaPharma) in water. The left sciatic nerve was ligated and transected or crushed as described previously (Oliveira et al., 2004) . Unoperated mice of the same litters were used as controls. Animals were allowed to survive for 7-45 d before they were killed, followed by perfusion with either 0.01 M PBS for in situ hybridization (ISH) or Tyrodes's buffer, followed by Lana's fixative (4% Formalin and 0.4% picric acid in 0.16 M PBS, pH 7.2) at 20°C for immunohistochemistry. The lumbar spinal cord, sciatic nerve, the triceps surae muscle, or the diaphragm were quickly dissected out. For in situ hybridization, the tissue was immediately freshly frozen on dry ice and mounted in OCT (Tissue Tek; Sakura). For immunohistochemistry, the tissue was left in the same fixative for 90 -180 min or overnight at 4°C, rinsed, and stored 24 h in 10% sucrose with 0.1% sodium azide in 0.01 M PSB at 4°C for cryoprotection, before mounting in OCT. The spinal cords, brainstems, sciatic nerves, and muscles were cut in 14, 30, or 120 m sections.
In situ hybridization and semiquantitative analysis. Oligonucleotides were synthesized (CyberGene), and ISH was performed as described previously (Dagerlind et al., 1992 bϪ/Ϫ mice were used to check the specificity of the probes. One ␤ 2 -microglobulin-specific probe (CAGGCGTATGTATCAGTCTCAG-TGGGGGTGAATTCAGTGTGAGCCAGG; GenBank accession number X01838.1) was also synthesized, and its specificity was verified using B6.␤ 2 m Ϫ/Ϫ mice. Semiquantitative measurements of the ISH signal 2 weeks after sciatic nerve transection (SNT) (n ϭ 3) were performed as described previously (Piehl et al., 1995; Zelano et al., 2006) .
Immunohistochemistry. Frozen spinal cord, nerve, or muscle sections of 14 or 30 m in thickness were thawed, dried, and dehydrated in 0.01 M PBS. Free-floating muscle sections of 90 -120 m in thickness were rinsed in 0.01 M PBS. Sections on objective slides and free-floating sections were then blocked and permeabilized for 30 min in room temperature (RT) in 5% donkey serum and 0.3% Triton X-100 diluted in 0.01 M PBS. Primary antibodies were diluted in 0.01 M PBS with 5% donkey serum and 0.3% Triton X-100. Sections were incubated with primary antibodies overnight at 4°C. The next day, the sections were washed two times for 10 min in 0.01 M PBS and then incubated with cyanine 2 (Cy2)-, Cy3-, or Cy5-conjugated donkey secondary antibodies (1:200 for Cy2 and Cy5 and 1:500 for Cy3; Jackson ImmunoResearch) or an Alexa-488-conjugated ␣-bungarotoxin (␣-btx) (1:200; Invitrogen) for 60 min in RT. The sections were then rinsed three times for 5 min in 0.01 M PBS, then mounted in a mixture of glycerol/PBS, and coverslipped. Whole diaphragms were rinsed in 0.01 M PBS and then blocked and permeabilized for 60 min at RT with 5% donkey serum and 0.5% Triton X-100 in 0.01 M PBS. Diaphragms were then incubated with a synaptophysin (syph) antibody (1:100; Zymed) overnight in 4°C, rinsed in 0.01 M PBS with 5% Triton X-100 two times for 30 min, and then incubated overnight at 4°C with a Cy3-conjugated secondary antibody and an Alexa-488 conjugated ␣-btx. The following day, diaphragms were rinsed two times for 30 min in 0.01 M PBS with 5% Triton X-100, mounted in glycerol/ PBS, and coverslipped. The sections were analyzed with a Carl Zeiss LSM 5 Exciter confocal microscope.
For MHC class I immunohistochemistry with the ER-HR 52 antibody, a modified protocol was used. Both fresh frozen postfixed (Lana's fix) and perfused postfixed (Lana's fix) tissue was tested. Perfused postfixed tissue gave better results than fresh frozen, and a postfixation time of 60 min was determined to be the most suitable for the protocol used. We then titrated a suitable concentration of detergent. We obtained consistent results at 0.1% Tween 20 and 0.05% Triton X-100. Because the latter worked better with the other antibodies used for double or triple labeling, this type of detergent and concentration was used.
The following primary antibodies were used: rabbit anti-synaptophysin (1:100), rabbit anti-GFAP (1:200), rabbit anti-S100 (1:500), and rabbit anti-PGP9.5 (1:500) all from Dako; mouse monoclonal anti-microtubuleassociated protein 2 (MAP2) (1:500), rabbit anti-neurofilament 200 (1:1000), and rabbit anti-vesicular acetylcholine transporter (VAChT) (1: 1000) from Sigma-Aldrich; rat monoclonal anti-MHC class I ER-HR 52 clone (1:100) from Abcam; ␣-btx conjugated with Alexa-488 (5 g/ml) from Invitrogen; rat monoclonal anti-paired Ig receptor B (PIR-B) (1:100 from) from R & D Systems; rabbit anti-Iba1 (1:500) from Wako; and a antisynaptophysin (1:100) from Zymed.
Image analysis. For the muscle montages, montages of 30 m sections of the lateral gastrocnemiums muscles (GCM) were created from confocal images captured at 10ϫ objective at zoom 0.5, which were put together, and the pattern of the ␣-btx staining was traced using the Live Trace/Live Paint application in Adobe Illustrator CS3 (Adobe Systems). The threshold was set so that as much of the ␣-btx staining as possible was included without tracing background staining. The tracing threshold was kept constant for WT and knock-out (KO) muscle montages. The traced staining pattern was converted into black pixels, and the contour of the muscle sections was delineated on the original montage and put as a gray-colored background. Montages from whole diaphragms were created from flattened z-stacks of the entire depth of the muscles, and ␣-btx staining pattern was traced as described above.
For NMJ morphometry, NMJs were visualized with ␣-btx [acetylcholine receptor (AChR) receptor clusters], S100␤ [Schwann cell (SC) marker], and TOTO-3 (cell nuclei) (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). All NMJs that appeared to be entirely contained within the section thickness were analyzed. Confocal z-stacks with an interval of 0.6 m were captured for individual NMJs, and projections in three dimensions were made with the LSM browser Zeiss or WCIF ImageJ. A terminal Schwann cell (TSC) was defined by a TOTO-3-positive nucleus surrounded by S100␤-positive cytoplasm overlying ␣-btx-positive clusters (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Six to eight NMJs per muscle and animal were analyzed from uninjured animals (n ϭ 5 for WT, n ϭ 7 for K Ϫ/Ϫ mutants (n ϭ 4 for all strains). A secondary goat anti-rat IgG (heavy and light) Alexa-647 (20 g/ml; Invitrogen) served as a reference. For FACS on Schwann cells, sciatic nerves were removed from newborn mice at day 4 -5, cleaned from endoneurium, and teased apart before being chemically dissociated in 0.25% trypsin. Enzyme activity was blocked by addition of 10% heat-inactivated fetal bovine serum. The nerves were then mechanically dissociated using a fire-polished Pasteur pipette. The cell suspension was layered on top of a 15% BSA cushion and centrifuged (3 min, 800 rpm), to remove cellular debris. In the final cell suspension, 75-80% of the cells were S100-positive and thus determined to be Schwann cells. Single-cell suspensions were then stained with a rabbit anti-P75 antibody (1:500; Promega) together with an anti-rabbit allophycocyanin secondary (Jackson ImmunoResearch) and a rat anti-PIR-A/B antibody (1:100; BD Biosciences Pharmingen) or a rat anti-PIR-B (1:1000; R & D Systems) together with 70 ng of anti-rat FITC secondary (Caltag-Medsystems). Samples were analyzed using a FACSAria (BD Biosciences) and analyzed using the FlowJo Software (TreeStar).
In vitro experiments. The motoneuron-like cell line MN-1 (kindly provided by Dr. Carlos Ibanez, Karolinska Institutet, Stockholm, Sweden) was cultured and treated for 24 h with INF-␥ (50 U/ml), fixed with Lana's fixative for 15 min, and then processed for immunohistochemistry.
Analysis of intact and reinnervated muscles. In intact GCM from WT and mutant mice, the mean muscle fiber cross-sectional area and number of synaptic AChR clusters were analyzed in six longitudinal midsections/ muscle. The AChR cluster density was calculated for each section by dividing the number of clusters/section with the area of the muscle section. This analysis was done blindly with regard to phenotype, operation/ control, and survival time. Diaphragm were dissected out and then processed for immunohistochemistry as whole-mount preparation. z-stacks through the entire depth of the diaphragm were captured with a section interval of 1-2 m and mounted together as maximum projections. In the right hemidiaphragm, serially acquired confocal z-stacks through the entire thickness of the muscle covering the synaptic band were analyzed, and the mean number of AChR clusters per millimeter of synaptic band length was calculated for each z-stack and then for the whole synaptic band. The mean muscle fiber cross-sectional area was calculated in 300 -450 muscle fibers per muscle in midsections from both intact and reinnervated GCM using WCIF ImageJ. TSC analysis was performed with a modified protocol described previously (Hess et al., 2007) .
Behavioral testing. To study functional muscle recovery, mice were subjected to an SNC, and the return of grip function was assessed every 3-4 d during the recovery period. The mice were let to grip the cage lid while held by the tail, suspending the hindlimbs in the air. A grip reflex was elicited by placing a metal rod on the sole of the feet. The metal rod was then pulled away until the grip was lost. This procedure was repeated five times per session, and the injured foot was compared with the intact one (n ϭ 10 for WT and n ϭ 7 for K
). Grip ability was expressed as "inability to grip," "insufficient grip," or "similar to contralateral foot." All testing was made by one main observer, blind to genotype and result from the last session, and also intermittently confirmed by four different independent co-observers blinded to genotype and experiment.
Confocal analysis of dissociated muscle fiber bundles. Animals were perfused as described above. The GCM dissected out and incubated in a 37°C water bath for 2.5 h in 0.01 M PBS containing collagenase type 1A (Sigma-Aldrich) at a concentration of 2.5 mg/ml. The muscles were divided into larger pieces and incubated overnight in Alexa-488-conjugated ␣-bungarotoxin. The muscle pieces were then mechanically separated into gradually smaller bundles using fine tweezers. Muscle fiber bundles consisting of 2-10 fibers were mounted in glycerol on objective slides that were coverslipped. The muscle fibers were then examined in a confocal microscope.
Statistical analysis. Gaussian distribution could be assumed for all data, as determined using the Column Statistics function in GraphPad Prism 4.0 (GraphPad Software), and the variances were determined to be equal using an F test. A two-tailed Student's t test with a 95% confidence interval was therefore used for all statistical analysis.
Results

Upregulation of MHC class Ia and ␤ 2 m mRNAs in the spinal cord after axotomy
The expression of MHC class I and ␤ 2 m mRNAs in the lumbar spinal cord was studied at 1 and 2 weeks after an SNT. Large dorsolateral ventral horn neurons were considered to be sciatic motoneurons, and small round dispersed cells were considered to be surrounding glia, as revealed in counterstained sections ( (Fig. 1 L) .
Search for H2-D b -IR in motoneuron cell bodies in the spinal cord
The MHC class Ia probe used in WT animals did not distinguish between H2-D b and H2-K b mRNAs. In contrast, the ER-HR 52 antibody showed strong exclusive affinity for H2-D b (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). In situ hybridization of spinal cord sections from normal and operated K bϪ/Ϫ animals with the MHC class Ia probe revealed mRNA labeling in motoneurons that was similar to that of WT animals, thereby confirming that H2-D b mRNA is present in motoneurons and subsequently upregulated after axotomy. Like in WT mice, labeling was observed in uninjured motoneurons (Fig. 2 A) and in both motoneurons and surrounding glia at 1 and 2 weeks after SNT (Fig. 2C) . Like in WT spinal cords, there was a heterogenous staining intensity in both uninjured and injured motoneurons (Fig. 2 A, C) . In resemblance to the H2-D b mRNA labeling, a heterogenous neuronal staining was seen for H2-D b -IR in spinal cords from uninjured and operated animals (Fig. 2 E, G) . The sciatic motoneurons were identified by their dorsolateral location in the ventral horn of the lumbar spinal cord, by their large size, and by costaining with VAChT ( Fig.  2 F, H ) . Notably, we could not detect a clear upregulation of H2-D b -IR in motoneuron cell bodies in the spinal cord after axotomy that corresponded to the increase in H2-D b mRNA seen with in situ hybridization. The strong halo-like staining surrounding axotomized motoneurons (Fig. 2G) was colocalized with the microglial marker Iba1 (supplemental Fig. S2 A-C, available at www.jneurosci.org as supplemental material). To detect a possible localization of H2-D b -IR in motoneuron dendrites, we performed a colocalization analysis in z-stacks from spinal cord sections colabeled with the ER-HR 52 antibody and MAP2 (dendritic marker) (supplemental Fig. S2 D-H , available at www.jneurosci. org as supplemental material). This analysis did not reveal any H2-D b -IR in motoneuron dendrites. One should still take into consideration that putative dendritic MHC class I protein clusters could be hard to visualize in vivo in the case of axotomy because of the intricate arborization of the dendrites intertwined with surrounding MHC class I-positive microglial processes.
Expression of neuronal MHC class I molecules in motor axons
The lack of increase in H2-D b -IR in somata of axotomized motoneurons suggested that the H2-D b proteins may be distributed into axon-like processes. This possibility was first studied in a motoneuron-like cell line, termed MN1 (SalazarGrueso et al., 1991; Paratcha et al., 2001) . The MN1 cells were costained with the choline acetyl transferase (ChAT) (Fig.  2 I, K ) and the ER-HR 52 antibody (Fig.  2 H, J ) . H2-D b -IR was seen in untreated cultures (Fig. 2 I) and after treatment with interferon-␥ (IFN-␥) (Fig. 2 K) . Moreover, H2-D b -IR was often seen in neurites and growth cone-like processes (Fig. 2 J, K ) .
These observations led us to explore the possibility that MHC class I molecules produced in motoneuron somata are transported peripherally in motor axons in vivo. Accordingly, we detected axonal H2-D b -IR in the uninjured sciatic nerve and the proximal nerve stump at 1 and 2 weeks after SNT in WT mice. In the uninjured sciatic nerve, H2-D b -IR was observed in a subpopulation of axons colabeled with the axonal marker PGP9.5 (Fig. 3A) . PGP9.5 does not distinguish between different types of axons present in the nerve (i.e., motor, sensory, and autonomic), but, judging from the size of the H2-D b -positive axons, we expected some of them to be motor axons. In the proximal stump of the transected sciatic nerve, multiple cell types displayed intense H2-D b -IR. We mainly focused on identifying neural cells in this study and did not costain for various immunological cells and fibroblasts, which infiltrate the nerve stumps and are likely to express MHC class I molecules. In resemblance to the uninjured nerve, we found PGP9.5 and neurofilament (NF)-positive axons, preferentially large in caliber, which were intensely stained for H2-D b ( Fig. 3 B, C) . H2-D b -IR was also observed in the extremes of the stump, indicating expression in growth cones (Fig. 3C) .
We next studied H2-D b -IR at neuromuscular synapses, which we will refer to as NMJs, in the GCM. The presynaptic motor terminals were stained with either syph or VAChT, and the postsynaptic AChR clusters were visualized with ␣-btx. H2-D b -IR was observed at the NMJ in both the intact and reinnervated GCM (Fig. 4 A) . The staining appeared to be somewhat more intense in the reinnervated muscles compared with the uninjured ones. In resemblance to the staining pattern in the spinal cord and sciatic nerve, a subpopulation of NMJs, usually clustered together, showed H2-D b -IR, and the intensity varied between individual NMJs. At 10 d after SNC, the presynaptic terminals were degenerated and no H2-D b -IR was detected at the remaining AChR clusters (our unpublished data). At 3 and 4 weeks after SNC, presynaptic terminals had reinnervated the muscle fibers, and the NMJs showed H2-D b -IR (Fig. 4 A) . Confocal stacks revealed that the H2-D b -IR appeared to be present at the presynaptic side of the NMJ, shown with triple labeling for ␣-btx, H2-D b , and syph (Fig. 4 B) or VAChT (our unpublished data). By studying three-dimensional reconstructions of triplelabeled NMJs, we found strong indications that, at the H2-D b , positive elements were present in the presynaptic terminal itself, but we also found some overlap suggesting simultaneous expression in SCs, which has been reported previously (Tsuyuki et al., 1998) .
Abnormal muscle innervation in the absence of classical MHC class I
Because we detected H2-D b -IR in presynaptic motor terminals at NMJs, we next studied whether the absence of MHC class Ia molecules affected muscle innervation and formation of synapses mice to detect possible abnormalities in muscle architecture or signs of atrophy. The muscle fiber architecture, the mean muscle fiber area, and the muscle fiber size frequency were similar in the two strains (Fig. 5B) . More or less all ␣-btx-positive AChR clusters appeared to be positive also for syph in both strains for all time points analyzed, indicating that all AChR clusters were innervated. We thus used AChR clusters as a marker for NMJs in our analysis. The NMJs were organized in sinus-shaped synapse bands across the width, length, and depth of the hindlimb muscles that were grossly similar in both strains (Fig. 5A) (Fig. 5A) .
K bϪ/Ϫ D bϪ/Ϫ mice have a selective immunodeficiency caused by a lack of MHC class I-restricted immune function, resulting in a decreased function of CD8
ϩ (cytotoxic) T-cells. Therefore, to rule out that the structural changes seen in muscles from K bϪ/Ϫ D bϪ/Ϫ were secondary to this impaired immune function, AChR cluster density and synaptic band pattern were analyzed in uninjured hindlimb muscles from RAG1 Ϫ/Ϫ mice (Fig. 5C ). These mice lack mature T-and B-cells as a result of defective recombination of receptor genes but express MHC molecules in a normal manner. No significant difference was seen between RAG1 Ϫ/Ϫ mice and WT mice regarding density of AChR cluster or synaptic band morphology (our unpublished data). We thus conclude that the muscle phenotype seen in K bϪ/Ϫ D bϪ/Ϫ mice cannot be explained by T-cell immune deficiency.
Structural abnormalities in muscle innervation is a general property in MHC class I-deficient mice
To confirm that the changes in synaptic band structure in K bϪ/Ϫ D bϪ/Ϫ mice was not an isolated phenomenon restricted to hindlimb muscles, we further studied synaptic bands in the diaphragm, which allowed a whole-mount imaging approach. The diaphragm has a simpler muscle fiber architecture than the hindlimb muscles, and the NMJs are therefore concentrated in continuous centralized band following the course of the phrenic nerve along the diaphragm (Fig. 6 A) . Using this experimental approach, we scanned through the depth of the diaphragm in a series of z-stacks and were then able to put the maximum projections together into montages, thereby reconstructing the synaptic bands (Fig. 6 A, B) . When studying these montages, we observed a consistently pronounced disturbance in synaptic band structure in K bϪ/Ϫ D bϪ/Ϫ mice (11 of 14 animals), with a specific localization to the right hemidiaphragm, near the entry zone for the phrenic nerve. Such changes were absent in WT mice (0 of 10). Like in the hindlimb muscles, the density of NMJs appeared to be higher, particularly in right hemidiaphragm. This observation was confirmed by counting the mean number of AChR clusters per millimeter synapse band length. In the right hemidaphragm, the number of clusters per millimeter was ϳ30% higher ( p Ͻ 0.01) in K bϪ/Ϫ D bϪ/Ϫ (131.9 Ϯ 4.2; n ϭ 4) compared with WT mice (100.8 Ϯ 2.0; n ϭ 3).
Because synaptic elimination and refinement is a well known feature of early postnatal development, we further studied the synaptic band structure in postnatal diaphragms from WT and K bϪ/Ϫ D bϪ/Ϫ mice at various time points after birth (n ϭ 3 per strain and time point). In addition, a transient right-left asymmetry in the normal developmental innervation of the diaphragm has been reported (Laskowski et al., 1991 (Fig. 6 B) . In the WT mice, this pattern was gradually changed at P4 and P8 into the normal adult pattern seen at P42, whereas K bϪ/Ϫ D bϪ/Ϫ mice retained these misalignments into adulthood (Fig. 6B) .
MHC class I-deficient mice exhibit abnormal dynamic changes in NMJ density during muscle reinnervation
To study formation of NMJs in the adult muscle, we studied AChR cluster density in the hindlimbs at 14, 20, 30, and 45 dpo after SNC with subsequent reinnervation. At 14 dpo, both groups displayed the highest density measured, and there was no difference between WT mice without any differences in muscle fiber size or composition, we explored the possibility that single muscle fibers express more than one AChR cluster. We therefore examined muscle fiber bundles consisting of 2-10 fibers from the lateral GCM stained with fluorescent ␣-btx. The fibers were evaluated blindly with regard to genotype. Three-dimensional reconstructions were created from confocal z-stacks to study the location of individual AChRs. We used the curvature of the AChR clusters and the invagination in the muscle fiber membranes to determine on which fibers nearby clusters were situated. In all WT fibers, we detected a single cluster per muscle fiber. In K bϪ/Ϫ D bϪ/Ϫ fibers, however, we observed examples of individual muscle fibers expressing at least two AChR clusters, which were placed rather close to each other (Fig. 5D) or with a clear distance in between (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). These abnormal fibers were intermingled with normal muscle fibers.
MHC class I-deficient mice have a decreased covering of TSCs at the NMJ
Because we detected a disturbance in the organization and density of NMJs in K bϪ/Ϫ D bϪ/Ϫ mice, we further studied individual NMJs to detect possible morphological abnormalities. To do so, we first studied general NMJ morphology and synaptic AChR cluster size. TSCs have been shown to be involved in NMJ plasticity (Love and Thompson, 1998; Sanes and Lichtman, 1999; Reddy et al., 2003; Bishop et al., 2004; Song et al., 2006; Feng and Ko, 2007) . We therefore studied the TSC covering of individual NMJs (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material) in the hindlimb muscles. The postsynaptic AChR clusters appeared to be innervated by one axon each, and the alignment between presynaptic and postsynaptic elements was normal in WT and K bϪ/Ϫ D bϪ/Ϫ mice (our unpublished data). We detected a slightly smaller AChR cluster area in K bϪ/Ϫ D bϪ/Ϫ mice compared with WT, which was sta- tistically significant in normal but not in reinnervated synapses (Fig. 7B) .
When analyzing the number of TSCs at individual intact NMJs, we found that WT NMJs were covered by 2.5 Ϯ 0.2 TSCs (Fig. 7B) . Because there is a positive correlation between the number of TSCs and the size of the AChR cluster, we also calculated the ratio between the number of TSC/NMJ and the AChR cluster area. In WT muscles, there was an average covering of 192.7 Ϯ 9.7 m 2 AChR cluster area/TSC (Fig. 7B ). This can be compared with the significantly lower number of TSCs (1.8 Ϯ 0.1 TSCs/NMJ) and a larger AChR cluster area per TSC (236.1 Ϯ 14.1 m 2 /TSC) at K bϪ/Ϫ D bϪ/Ϫ NMJs (Fig. 7B) . In resemblance to the changes in AChR cluster density after reinnervation, we did not detect any difference in number or covering of TSCs between WT and K bϪ/Ϫ D bϪ/Ϫ at 14 dpo (Fig.  7B) . After 14 dpo, the WT group exhibited a distinct increase in TSC number, whereas the K bϪ/Ϫ D bϪ/Ϫ remained virtually unchanged at later time points (Fig. 7B) .
Expression of MHC class I receptors in dissociated SCs and in the sciatic nerve
The most well known receptor for MHC class I is the CD3 associated T-cell receptor (TCR), and recent publications indicate that PIRs and members of the Ly49 receptor family act as receptors for neuronally expressed MHC class I molecules (Syken et al., 2006; Zohar et al., 2008) . We thus found it important to search for expression of such receptors in the nerve and muscle. Because we found a lower number of TSCs/NMJ in intact and even more so in reinnervated muscles in MHC class I-deficient mice, we hypothesized that the muscle phenotype could be caused by a disturbed MHC class I-mediated interaction involving SCs. This led us to investigate whether SCs expressed MHC class I receptors that could interact with presynaptic MHC class I molecules expressed by motor axons. SCs were therefore acutely dissociated from the sciatic nerves of 4-d-old WT mice and then analyzed with FACS. Using this technique, we found a subpopulation of SCs that was positive for PIRs, in particular PIR-B, and the P75 neurotrophin receptor, which was used as a SC marker (Fig. 7E) . P75 has been shown to be expressed and upregulated by SCs in the peripheral nerve during nerve injury (Hirata et al., 2001) . Although the distribution of P75 expression in dissociated SCs is unknown, we could use this marker to distinguish the SCs from other cell types present in the nerve. In contrast, P75-positive SCs were negative for members of the Ly49 receptor family (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). mice marks an artifactual disruption of the band structure that is the result of a dissection damage to the diaphragm. B, Reconstruction of the synaptic bands from whole-mount preparation at different postnatal stages from birth up to the adult stage. Top left part (WT, P0) shows the location of the synaptic band on a gray contour of the costal diaphragm in gray, and a dashed line marks a misalignment on the right side. Misalignments or the area of interest is highlighted by gray fields in the other reconstructions.
Using the same PIR-B antibody for immunohistochemistry, we observed a consistent staining of P75 ϩ elements in the sciatic nerve (Fig. 7D) , indicating also an expression of PIR-B in SCs in vivo. However, we failed to detect immunoreactivity for PIR-B in TSCs at the NMJ, which was also the case for TCR, CD3, or the DAP12 adaptor molecule associated to activating Ly49 receptors (our unpublished data).
Delayed recovery of motor function after nerve crush in the absence of MHC class Ia molecules
It has been shown that the density of NMJs at the histological level reflects the functional recovery after nerve crush (Verdu and Navarro, 1997) . To study the effect of MHC class I deficiency on the muscle recovery after nerve lesion, WT mice were compared with B6.K bϪ/Ϫ D bϪ/Ϫ mice during 45 d after sciatic nerve crush with regard to recovery of motor function in the hindlimb muscles, assessed by grip ability. The animals were trained at several testing sessions before the operations, and no difference in the ability to grip a metal rod was seen in unoperated WT (n ϭ 10) or K bϪ/Ϫ D bϪ/Ϫ (n ϭ 7) animals ( Fig. 8 A, B ). The animals were tested on 1 and 7 dpo and then every 3-4 d during the recovery period (Fig. 8 A, B) . The experiment was terminated at 45 dpo, when all animals had regained a normal grip. Animals were tested at 1 dpo to confirm the completeness of the nerve crush. At 7 dpo, no animal was able to grip a metal rod placed on the soles of the hindfeet (no grip; see Materials and Methods). At 10 dpo, 60% the WT mice and 43% of the K bϪ/Ϫ D bϪ/Ϫ mice had an insufficient grip. All animals in both groups were able to grip the metal bar at 14 dpo; however, in the WT group, 80% of the animals had a normal grip and 20% still had an insufficient grip, whereas only 29% of the K bϪ/Ϫ D bϪ/Ϫ mice had regained a normal grip and 71% displayed an insufficient grip. The WT mice then progressed rapidly at the following time points, and, at 24 dpo, all WT animals had recovered a normal grip. The K bϪ/Ϫ D bϪ/Ϫ group recovered considerably more slowly, and all animals were not fully recovered until 15 d later, i.e., 39 dpo (Fig. 8 B) .
Discussion
Expression of MHC class I molecules in motoneurons
The aim of this study was to characterize the expression, subcellular localization, and function of MHC class Ia proteins in spinal motoneurons, under normal conditions and during reinnervation after injury. From the in situ hybridization results, we anticipated a strongly increased MHC class Ia-IR in axotomized motoneuron somata, as reported previously for rat sciatic motoneurons after peripheral nerve lesion (Maehlen et al., 1989) . However, to our surprise, the difference in H2-D b -IR in the somata of axotomized motoneurons compared with intact motoneurons was subtle. Furthermore, H2-D b -IR was not detected in motoneuron dendrites. In contrast, a profound increase in H2-D b -IR was observed in activated microglia surrounding the axotomized motoneurons. There was thus a clear discrepancy between the changes in mRNA levels and the H2-D b -IR in motoneuron somata and dendrites after axotomy. A strong H2-D b -IR was detected in motor axons, however, suggesting that H2-D b molecules were subjected to anterograde axonal transport. Such transport for neuronal MHC class I molecules has been described in the vomeronasal system in vivo (Ishii and Mombaerts, 2008) , cortical and hippocampal neurons in vitro (Medana et al., 2001; Taylor et al., 2009) , and further indicated in a mouse model of neuroinflammation (Rivera-Quinones et al., 1998) .
Thus, instead of identifying H2-D b as a putative postsynaptic protein, as anticipated from a previous publication (Goddard et al., 2007) , its presence in motor axons and at NMJs rather suggests an interaction with elements in the peripheral nerve and possibly also with postsynaptic elements in muscle fibers. A presynaptic role for H2-D b in motoneurons is supported by the finding of a perturbed organization of NMJs in absence of MHC class Ia molecules.
The observed heterogeneity of the H2-K b /D b mRNA expression in motoneurons was a striking finding, which was also reflected in a variation of H2-D b -IR in NMJs. Motoneurons and the muscle fibers innervated by them (motor units) show distinct excitability and recruitment properties of the motoneurons and likewise distinct properties of muscle fiber force and fatigue. These differences have led to a classification of motoneurons and motor units into fast-twitch fatiguable, fast-twitch fatigue resistant, and slow twitch (Burke et al., 1971) . Individual muscles usually have a mixture of motor unit types, and thus there is a possibility that the variation in classical MHC class I levels seen here is related to motor unit type.
MHC class Ia proteins and NMJ plasticity
Initially during normal development, skeletal muscles are hyperinnervated, i.e., several terminals can contact a single muscle fiber and the density of NMJs is greater than in the adult stage (Sanes and Lichtman, 1999; Song et al., 2006; Witzemann, 2006) . As a consequence of synaptic pruning and refinement, individual muscle fibers eventually receive exclusive innervation from one motoneuron at a single receptor site in the adult stage (Gan and Lichtman, 1998; Sanes and Lichtman, 1999; Kim and Burden, 2008) . This competition between neuronal inputs to the muscle fibers is activity dependent (Sanes and Lichtman, 1999; Song et al., 2006) , and it is thus intriguing to draw parallels to the function of MHC class I molecules in activity-dependent plasticity in the retinogeniculate system, as proposed by Corriveau et al. (1998) .
During muscle reinnervation after a nerve lesion, a process similar to developmental synaptic elimination after initial reinnervation phase is required in the muscle. We here show that MHC class I molecules appear to be involved in regulating the density of NMJs during muscle reinnervation. This effect could be mediated by excessive formation, impaired elimination, or continuous remodeling of NMJs. Because we detected the presence of individual muscle fibers in adult uninjured sion or immunoreactivity in neurons include the TCR-CD3 complex (Huh et al., 2000; Syken and Shatz, 2003) , the paired Ig receptor PIR-B (Syken et al., 2006) , members of the Ly-49 receptor family (Zohar et al., 2008) , and receptors associated with DAP12 (Roumier et al., 2004) . Several of these candidates have been linked to synaptic plasticity or function in the CNS (Huh et al., 2000; Roumier et al., 2004; Syken et al., 2006; Zohar et al., 2008) . Moreover, neuronally expressed PIR-B was recently reported to mediate interactions between outgrowing axons and inhibitory myelin associated proteins, such as Nogo, MAG, and oligodendrocyte myelin glycoprotein (Atwal et al., 2008) .
In skeletal muscles, there are several cell types that could express a receptor for MHC class I molecules. Immune cells infiltrate muscles during inflammation and trauma and could be potential candidates. However, because the H2-K b /D b -dependent synaptic phenotype appears to be absent in the immunodeficient RAG1 Ϫ/Ϫ strain, it is not likely that T-or B-cells are responsible for the synaptic disturbances seen in K bϪ/Ϫ D bϪ/Ϫ mice. This does not exclude a role for cells of the constitutive immune system, such as macrophages, NK-cells, and dendritic cells.
The NMJ is a triparte organization consisting of postsynaptic AChRs on the muscle fibers, a presynaptic motor terminal, and TSCs (Sanes and Lichtman, 1999; Reddy et al., 2003) . The TSCs provide stability, produce growth factors, and are involved in synapse homeostasis (Sanes and Lichtman, 1999; Reddy et al., 2003; Feng and Ko, 2007) . In general, SCs participate in axon guidance, synaptic formation during development, and regeneration after nerve injury (Love and Thompson, 1998; Magill et al., 2007) . Interestingly, SCs can control the number of NMJs and can remove superfluous presynaptic terminals (Bishop et al., 2004; Song et al., 2008) . During reinnervation after nerve crush, SCs proliferate and one important function is to participate in the removal of inappropriate presynaptic terminals (Song et al., 2008) . In K bϪ/Ϫ D bϪ/Ϫ mice, fewer TSCs are associated with individual synapses at both intact and reinnervated NMJs, suggesting a defect in SC recruitment or proliferation. Impaired interactions between axons and SCs could then partly explain the inaccuracy of synaptic band formation observed in K bϪ/Ϫ D bϪ/Ϫ mice. Furthermore, a decreased removal of synapses by SCs could consequently result in a higher density of NMJs. These cells were therefore possible candidates at the NMJ for expressing receptors interacting with neuronal MHC class Ia molecules. Interestingly, we detected surface expression of PIR-B in a subpopulation of dissociated SCs from peripheral nerves using FACS as well as PIR-B expression in SCs in vivo in the sciatic nerve. This finding provides a basis for a possible MHC class I-mediated signaling between neurons and SCs. The apparent lack of PIR-B-IR in TSCs may suggest an interaction between MHC class I and SCs proximal to the NMJ. This could still influence the NMJ-TSC relationship, because TSCs proliferate from distal immature SCs during reinnervation (Jessen and Mirsky, 2005; Magill et al., 2007) .
The aim of this study was to identify nonimmune consequences of the fact that motoneurons harbor MHC class Ia molecules. The presented findings, however, do not rule out that the presence of classical MHC class I in motor axons and NMJs could also be of relevance for the established function for these molecules, i.e., antigen presentation to immune cells. Thus, it may be speculated that the exposure of classical MHC class I molecules loaded with "self" or "non-self" peptides on peripheral motor axons may induce an immune response with adverse effects on motoneurons. This, in turn, is of interest in relation to the emerging focus on axonal and synaptic pathology as early signs and even as key triggering factors for the onset of neurodegenerative disease (Raff et al., 2002; Selkoe, 2002; Conforti et al., 2007; Gould and Oppenheim, 2007; Saxena and Caroni, 2007) . In this context, it is of interest that MHC class I mRNA has been detected in all peripheral motoneuron groups, except for the ocular motor nuclei, which are known to be spared in the motoneuron neurodegenerative disorder amyotrophic lateral sclerosis (Lindå et al., 1999) .
In summary, we have here shown that the classical MHC class I products are expressed in axons and axon terminals of motoneurons. Moreover, in the absence of classical MHC class I expression, the organization of the NMJs formed by the motor axon terminals is disturbed, and the motor recovery after nerve lesion is delayed. These effects are in line with the emerging concept that immune molecules are used in the nervous system for other or additional purposes compared with the immune system, in particular related to synaptic function and plasticity. Our study is the first, to our knowledge, to indicate a presynaptic role for MHC class I molecules on synaptic organization.
